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Abstract 
The experimental observation of pool fires under dynamic pressure is of significant meaning to understand the fire behaviors under 
different low pressure environments. Previous studies on low-pressure fires mainly focused on fire behaviors at static low pressure, where 
the fire tests were usually conducted at several discrete altitudes. An altitude chamber of size 3 m× 2 m× 2 m has been built for this study, 
where different dynamic pressure descent rates were configured to simulate pool fire behaviors under different low pressures. In each test, 
the chamber pressure varies from standard atmospheric pressure 101.3 KPa to 34 KPa. The dynamic pressure descent rate is controlled by 
replenishing air at different rates: 0, 15 and 20 Nm3/h. The study tested two different sizes of pool fires, where the pan heights are all 2 
cm and the pan diameters are 6 cm and 10 cm respectively. N-Heptane with industrial purity of 99% was used as the testing fuel. 
Parameters were measured along the whole burning process, including axial flame temperature, burning rate, radiative heat flux, chamber 
pressure as well as fire video recording. Some specific phenomena were observed for the fires under dynamic depressurization, e.g. the 
flame transmitted from turbulent to laminar and its base turned blue as pressure drops, then in the final burning stage a polyhedral flame 
appeared and swirled in the pan until extinguishment. The measurement data, i.e. mass burning rate, flame temperature and radiative heat 
flux, were analyzed to reveal the pressure effect in influencing fire behaviors. 
© 2012 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Tibet plateau, also called Roof of the World, is the highest region on Earth, with an average altitude of 4,500 m. Tibet 
plateau north of the Himalayas is a mysterious, exotic place for many visitors. Tibet plateau has an area of about 2.5 million 
square kilometers, about 25% the size of China. In recent year, the huge national investments in public transportation of 
Tibet allow more outsiders to get access to the once isolated plateau. Tibet railway was opened in 2006 and till now 7 
airports such as Lhasa Gongga airport (altitude 3600 m) and Bangda airport (altitude 4334 m) in Tibet have been opened 
with more under construction. With the rapid growth of economic and social activities in Tibet, more and more people are 
attracted to travel, trade and live in Tibet. Tibet has over 1000 ancient buildings, numerous places of interests and unique 
religious culture, which are expected to attract over 12 million tourists in 2012. Tibet has unique natural ecological 
environment, which contains over 50% of rare wild animals of the country. The ecological environment of Tibet plateau is 
weak and therefore n*eeds to be protected from external activities, especially hazardous fires. The research on the high 
altitude fire behaviors is important to protect those valuable ancient buildings, natural sceneries, religious culture and folk 
residences.  
One of the marked characteristics of high-altitude plateau environment is low pressure and low oxygen concentration, 
under which fire behaviors are apparently different with those under standard atmospheric pressure, e.g., low burning rate 
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and radiative heat flux, but higher flame temperature and flame height. Previous fire tests at different static pressures have 
preliminarily shown the impact of low pressure on fire behaviors. Wieser et al [1] transported a mobile test platform by a 
helicopter to test EN54 fires at 4 altitudes from 400 m (97 Kpa) to 3000 m (71 KPa), where the test results demonstrated 
that the burning rate decreased with pressure P for about ~P1.3. Li et al [2] and Hu et al [3] have comparatively testes N-
Heptane pool fires and wood crib fires in two cities of different altitudes. The tests [2, 3] showed that the burning rate at 
higher altitude is lower for about ~P1-1.3, so is the flame radiation; but the flame temperature is slightly higher at higher 
altitude and the soot volume fraction decreases with pressure as ~P0.9.  In the tests of Li and Hu et al [2, 3], it is observed that 
the flame shape changed under low pressure, i.e. the flame is prolonged in height but thinner in diameter. Fang et al [4] tested 
different sizes of N-Heptane pool fires and confirmed that the burning rate is in linear proportion to pressure, but the 
pulsation frequency of flame and the CO concentration increases at higher altitudes. Ris et al [5, 6] showed that the burning 
rate of fuel can be scaled with pressure by ~P. The fire tests of different fuels, Jet-A fuel, propanol and acrylic, in a small-
scale altitude chamber by Hill [7] have shown that the burning rates decrease approximately linearly with the equivalent 
altitude. 
It can be seen that the fire prevention and suppression at high altitude will be considerably different from that at sea level 
because of the special fire behaviors under low pressure. Currently, the methods and techniques to prevent and suppress 
fires in Tibet plateau is as the same as those adopted in sea-level cities. For this reason, fire safety research for low-pressure 
environments is urgent to improve the fire safety status of ancient buildings, airports and folk residences in high altitude 
regions. The fundamental theory and engineering practice of firefighting in high-altitude plateaus should be established of 
the first priority for high-altitude fire safety, which then provides foundation work for the formulation of fire protection 
regulation in high altitude regions. 
Understanding of fire behaviors under low pressure is the first step towards establishing fire protection engineering for 
high-altitude plateaus. To facilitate altitude fire tests, a high-altitude fire lab has been built in Lhasa, the capital city of Tibet. 
Building of fire labs at other altitudes in Tibet is not ready because the lab facility is not available yet. Conducting fire tests 
at high-altitude plateaus is costly in expense and experimental period, because of the long-distance shipment of 
experimental equipment and materials to Tibet. Constrained by experimental condition and cost, high-altitude fire test data 
were still scarce. 
Fire tests under dynamic pressure were useful to observe the continuous variation of fire behaviors during 
depressurization, however, limited by experimental condition few such studies were reported in the literature. Previous 
altitude fire tests were all conducted under a limited number of static pressure environments, such as at Hefei (Sea-level 
city), Lhasa (altitude 3650 m) and Dongxiong (another Tibet city with altitude 4200 m) [2, 3, 8]. In static pressure fire studies, 
the general trends of fire behaviors were concluded from the fitting of discrete pressure data. The observation of fire 
behaviors under dynamic pressure variation can systematically reveal their dependence on pressure, i.e. the dependence of 
mass burning rate, radiative heat flux and flame temperature on pressure. 
In order to observe the continuous variation of fire behaviors during depressurization, an altitude chamber was built to 
simulate high altitude environments. Two different sizes of N-Heptane pool fires were tested in the altitude chamber, where 
the dynamic pressure drops from 101.3 KPa to 34 KPa at different descent rates. Mass burning rate, flame temperature and 
radiative heat flux were measured, then corresponding analysis were conducted to theoretically describe the pressure effect. 
The study is of significant meaning for fire safety design and fire regulation formulation in high-altitude regions. 
2. Experimental design and measurements 
The effective internal size of the low pressure chamber used in the experiment is 3 m× 2 m× 2 m as showed in Fig. 1. 
Based on the structure strength and the sealing performance of the chamber, the working pressure designed for the chamber 
is between 26.4 KPa -101.3 KPa, which is equivalent to the altitudes from sea level (0 m) to 10,000 m. The pressure of the 
low pressure chamber can be adjusted and controlled through the manipulation of the pumping rate of the vacuum pump 
from the control platform. The dynamic pressure range for fire tests is between 101.3 KPa and 34 KPa in this study, but at 
different descent rates. In the experiment, the vacuum pump will operate and pump out the air from the low pressure 
chamber at a fixed volume rate, to make the pressure inside the chamber decrease at a constant rate. Although the pumping 
rate of the vacuum pump was fixed, the pressure descent rates were adjusted by replenishing air at different rates. Three 
different air supplying rates, i.e. 0, 15 and 20 Nm3, were configured to produce different descent rates of chamber pressure.  
Table 1 summarizes the main experimental configurations of the chamber pool fire tests. The experimental setup of N-
heptane pool fire tests is shown as Fig 2. As restricted by the volume of the low pressure chamber and the oxygen content 
available in the chamber, the maximum size of pool fires can be contained is 10 cm. In this study, two small round pans 
were used, where the diameters are 6 cm and 10 cm respectively, and the heights are all 2 cm. The testing fuel is N-Heptane 
with industrial purity above 99% (the impurity contents: volatile  0.05%, water  0.05%, unsaturated compounds in Br+  
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0.032%), whose density is 83 685 kg/m3, boiling range is 96.5-98.5 , self-ignition temperature is 223.0  and the 
explosion limits is 1.05–6.7%. The 6-cm-diameter pan was initially filled with 28 g liquid N-Heptane, while the 10-cm-
diameter pan was filled with 80 g fuel. The measured parameters include axial flame temperature, mass burning rate, 
radiative heat flux, chamber pressure and fire video recording.  
The instrument layout is shown as Fig 3. An array of 14 K-Type Nickel Cadmium thermocouples labeled as T1-T14 
from the bottom up to the top was laid on the centerline above the pan to measure the flame temperature. T1-T8 are 8 high-
accuracy thermocouples with 0.5 mm diameter, while T9-T14 are 1-mm-diameter. The vertical distance between any two 
thermocouples is 5 cm, where the first thermocouple T1 is 2 cm above the surface of the liquid fuel in pan. The vertical 
distance between each other for T9-T14 is 10 cm. T1-T8 are used to capture the temperature of main flame region, while 
T9-T14 are used to capture the temperature in the plume. Heat flux is measured by a radiometer, which is placed 60cm 
vertically from the pan surface and 48cm horizontally from the center of the pan. Mass loss rate is measured through high 
accurate electronic scale placed beneath the pan but separated by thermal resistance plasterboard. Chamber pressure and fire 
video were recorded along with other parameters. The data acquisition frequency for thermocouple and radiometer are 1 Hz. 
The initial air temperature in the altitude chamber is 20  and the relative humidity is 50%. Each test was repeated three 
times to ensure a good data repeatability. 
 
    
Fig 1: The altitude chamber and its pressure control system                  Fig 2: The experiment setup in the chamber 
 
Fig 3: Experiment configuration 
551 Jiusheng Yin et al. /  Procedia Engineering  52 ( 2013 )  548 – 556 
 
Table 1: Summary of fire tests in the low-pressure chamber 
Fuel Pan size Dynamic 
Pressure 
Measurement 
101.3 30 KPa 
(no air supply) 
 
2-cm Height ×  6-cm Diameter (28 g fuel)
 
101.3 30 KPa 
(+15 Nm3/h) 
 
101.3 30 KPa 
(+20 Nm3/h) 
n-heptane (C7H16) 
Industrial purity  99% 
Density: 679.5 kg/m3 
Boiling point: 98-99 °C 
Auto-ignition temperature: 223.0 °C 
Explosive limits: 1.05–6.7% 
Specific heat: 224.64 JK-1mol 
 
2-cm Height × 10-cm Diameter (80 g fuel)
 
 
Axial temperature 
Mass burning rate 
Radiative heat flux 
Video record 
Chamber pressure 
 
3. Results and discussions 
3.1. Pressure descent rate 
Fig 4 shows the average pressure descent rates for the two sizes of pool fires under different air supplying rates. In each 
test, the chamber pressure drops form 101.3 KPa to 34 KPa. The pressure is averaged over the 3 repeating tests for each 
combination case of pool fire sizes and air supplying rates. The air supplying rate is the main factor affecting the pressure 
descent rate, thus the data with the same supplying rate were plotted together, as in Fig. 4 (a), (b) and (c). It is shown that 
the average pressure descent rates of 10-cm-diameter pool fires are slightly lower than those of 6-cm-diameter pool fires, 
which can be attributed to that the larger pool fires release more heat during burning to expand the gas and increase the 
chamber pressure. The pressure curves were fitted by the exponential function to obtain the general curve trends. The 
average pressure descent rate without air supplying can be described as an exponential fitted curve of 101.3exp (-
0.0016239×t) with t time. Similarly, the average pressure descent rate with air supplying rate 15 Nm3/h is described as 
101.3exp (-0.0012516×t), and for the cases with air supplying rate of 20 Nm3/h it is 101.3exp (-0.0011633×t). The descent 
rate of chamber pressure decreases as the increase of air supplying rate, which agrees with the expectation.  
(a) (b)  (c)  
Fig 4: Chamber pressure vs. time for the air supplying rate of (a) 0 Nm3/h, (b) 15 Nm3/h and (c) 20 Nm3/h 
3.2. Flame shape 
Fig. 5 shows the flame shape under different pressures. When the pressure drops dynamically, the flame transmitted from 
turbulent to laminar, characterizing by the smoothing of corrugations on the flame envelop. As the flame transmitting from 
turbulent to laminar, the flame base turns from luminous amber to blue, which is because the reducing of soot volume 
fraction under low pressure [9, 10]. Before the fire extinguishment, the flame appeared as polyhedral shape and swirled in the 
pan until extinguishment. The laminar pattern is especially obvious and the blue region takes a large part in the flame when 
extinguishing. The appearance of polyhedral flame is because the large difference of heat and matter diffusion around the 
flame [11, 12]. The air entrainment significantly decreases when the flame transmitting from turbulent to laminar under low 
pressure, but the burning rate of fuel maintains on the same level, thus the axial gas velocity becomes larger than the radial 
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gas velocity. Then the flashover in the flame core drastically expands volume of the hot combustion products, consequently 
forming polyhedral flame [13]. The most striking characteristic of polyhedral flame is self-swirl, which is to maintain the 
stability of burning flame [13].  Previous observed polyhedral flames are mainly in laminar premixed flames [14], while the 
polyhedral flames in laminar diffusion flames are not frequently reported. The critical conditions for the appearance of 
polyhedral flame are strict, e.g. the axial fuel velocity should neither be smaller than radial entrainment velocity, nor too 
larger to produce a jet flame. The swirling speed of the polyhedral flame is mainly determined by the fuel exit velocity. 
(a) (b) (c) (d) (e)  
Fig 5: N-Heptane10 cm pool fire flame shape change vs. pressure change, (a) 89 KPa, (b) 68 KPa, (c) 35 KPa, (d) 32 KPa, (e) 32 KPa (at extinguishment) 
3.3. Mass burning rate 
Fig 6 shows the burning rates versus pressure for the 6cm and 10cm pool fires under different air supplying rates, i.e. 0, 
15 and 20 Nm3/h. The burning rates were average over the 3 repeating tests to show the general trends. During the burning 
process, the temperature of the liquid fuel was increased gradually by the convective and radiative heat feedback from the 
flame and the surrounding (e.g. chamber walls and hot smoke layer) until boiling if the burning time is long enough, which 
makes the burning rate increase gradually [15]. Theoretically, the radiative and convective heat feedback decreases under low 
pressure, which will decrease the burning rate without considering the preheating effect [16]. The curve trends shown in Fig. 
6 are the combined effect of depressurization and heating up of the fuel. The burning rate is steady approximately in the first 
half period after ignition, in which stage as the chamber pressure drops the burning rate decreases slightly. In the second 
half period, while the fuel temperature is increasing, the burning rate increases drastically. When the fuel burns out at the 
end, the burning rate decreases again until the fire is extinct. In contrast to the cases with air supplying, the same quantity of 
fuel burns longer under the condition of no air supplying, because the pressure decreases faster without air supplying and 
the burning rate is phenomenally lower at low pressure. Generally, the burning rate increases with the increasing of pan size 
(until a ceiling value) [17, 18], because of the increased heat feedback (mainly radiative component). Comparing to the larger 
10-cm-diameter pool fires, the small amount of fuel in the 6 cm pan is preheated to boiling faster; therefore the burning rates 
of 6-cm-diameter pool fires increase more dramatically. 
(a) (b) (c)  
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Fig 6: Burning rate vs. pressure, (a) without air supplying, (b) air supply rate 15 Nm3/h and (c) 20 Nm3/h 
3.4. Flame temperature 
The temperature measurement for each thermocouple was averaged over the 3 repeating tests and plotted together in Fig. 
7 to show the general trends of axial temperature. The repeatability of 3 tests for each case is reasonably good, especially for 
higher axial height where the temperature fluctuations are small. The temperature is affected by both the pressure and the 
fuel burning rate. Generally, the axial plume temperature decreases with the increasing of height, and increases with the 
decreasing of pressure for that the fuel/air increases. Besides, as the soot production decreases (denoted by the blue flames), 
the decrease of radiative heat loss also increases the flame temperature. As pressure drops, the flame height increases, which 
is equivalent to moving the relative position of thermocouples downward to the fuel side. Temperature drops for 
thermocouples at low height were observed during the depressurization, which can be attributed to the decreases of mass 
burning rate when pressure drops. 
 (a) (b) (c)  
 (d) (e) (f)  
Fig 7: Average temperature vs. pressure, 10 cm pan: (a) no air supplying, (b) air supplying rate 15 Nm3/h, (c) 20 Nm3/h; 10 cm pan: (d) no air supplying, 
(e) air supplying rate 15 Nm3/h, (f) 20 Nm3/h 
Besides pressure and mass burning rate, radiation fraction is an important factor in affecting the flame temperature [19]. 
Previous experiments show that the radiation efficiency has low dependence on pressure, due to counteracting effects of the 
decrease in flame surface area and the increase in soot formation [20], 
1.0~ PX r  (1) 
Then, the relationship of plume temperature, axial height and pressure can be written as [19, 21], 
3/5
5/2
5/2
0
3/5
5/2
5/2
0
3/2
~1
Q
PZZ
Q
ZZ
gTc
XC
T
TT
p
r
T
p  (2) 
where Q is the total heat release rate, pc  is the thermal capacity, and T  is environment density and temperature 
respectively, g  is the gravity. Virtual origin 0Z is defined by Heskestad equation [21], which is a function of pan size D  and 
Q . Fig. 8 presents the linear fit of the plume temperature measurements by the thermocouple T3-T13 based on Eq. (2), 
where heat release rate is estimated by the burning rate and the heat of combustion of N-Heptane. Fig. 8 shows a good linear 
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relationship, which demonstrates that the axial plume temperature increases when the pressure decreases under the same 
burning rate. 
 
Fig 8: The relationship between dimensionless plume temperature and dimensionless axial height with pressure term 
3.5. Radiative heat flux 
Fig 9 presents the relationship of the radiation heat flux and the pressure of pool fire. Basically the radiation heat flux is 
the same as the trend of the burning rate. At the pressure drops, the flame height increases and the soot radiation decreases 
(denoted by the blue flames), all those factors affect the heat flux measured by the radiometer, which was fixed. 
Because the radiative heat flux was measured in a far distance (horizontal distance comparable with the flame height) 
from the pool fires, the radiative heat flux can be considered to characterize the overall radiation output from the flame and 
the plume. The flame radiation output is a function of overall flame emissivity f 
and overall flame temperature Tf,o 
from the 
general equation [16], 
4
,
4
,
'' 1 of
L
offr TeTQ e
 
(3) 
where is Stefan-Boltzmann constant. Eq. (3) shows that the flame emissivity is determined by the absorption coefficient 
 and the mean beam length Le in the flame. Absorption coefficient consists of the gas compound g and the soot 
component c 
[22, 23] where soot is the main radiation contributor [24]. The soot volume fraction fv is related to pressure by  
                                                                                       2~ Pfv  (4) 
Therefore, it has 
2~~ Pfvssg  (5) 
For the moderately-sooting fuel N-Heptane [9], the examined pool fires can be assumed as optically thin, i.e. Le is small, 
especially under low pressure where soot production is even lower. Then Eq. (3) can be approximated by, 
4
,
244
,
'' ~1 offeof
L
r TPTLTeQ e  (6) 
Then further from Eq. (2) and Eq. (6), the overall flame temperature is scaled with pressure and fire load, 
4/12''3/2 ~/~ PQQPT rf  (7) 
Fig. 10 shows the plotting of Eq. (7), where fit of radiative heat flux data validates the linear relationship very well. From 
Eq. (7), it is shown that the radiative heat flux is correlated with the pressure to the power of -2/3 for the same mass burning 
rate. But since the mass burning rate decreases under low pressure, the radiation output reduces yet. 
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(a) (b) (c)  
Fig. 9: Radiation heat flux vs. pressure, (a) no air supplying, (b) air supplying rate 15 Nm3/h and (c) 20 Nm3/h 
 
Fig. 10: The linear relationship of radiative heat flux vs. pressure and fire load 
4. Conclusions 
This studies tests the fire behaviors of two sizes of N-Heptane pool fires under dynamic pressure in an altitude chamber. 
From the analysis of the experimental data, the main concluded can be draw as follows,   
 As the chamber pressure drops, some special phenomena on flame pattern were observed: the flame transmitted from 
turbulent to laminar, characterized by the smoothing of corrugations on the flame envelope; the flame turned blue from 
the base due to the decreasing of soot volume fraction; below a certain pressure, a polyhedral laminar diffusion appeared 
and swirled in the pan until extinguishment.  
 The real mass burning rate is affected by the combination effect of pressure and fuel temperature. As pressure drops, the 
heat feedback from the flame to the fuel surfaces decreases thus the mass burning rate decreases. On the other hand, the 
preheating of liquid fuel by continuous heat feedback increases the fuel temperature till boiling, which will increase the 
burning rate. Both the two different trends were observed for the burning of pool fires during depressurization. 
 The dimensionless plume temperature is correlated with the pressure to the power of -2/3, which indicates that the plume 
temperature rises as pressure drops for the same burning rate.  
 Assuming an optical thin flame for the moderately-sooting N-Heptane fueled flames, the radiative heat flux is correlated 
with the pressure to the power of -2/3 for the same burning rate. But since the mass burning rate decreases under low 
pressure, the radiation output yet reduces.  
In this study, the correlations of fire behaviors with pressure were analyzed based on some assumptions, because the 
burning rate is not only affected by pressure but also by fuel temperature. However, it would be better to directly observe 
the fire behaviors under dynamic pressure by excluding influence of the fuel temperature. In the future tests, cooling 
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apparatus should be designed to maintain the liquid fuel temperature at a fixed point, then the relationship between fire 
behaviors and pressure can be directly observed and validated. 
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